Mitochondria play an essential role in generating energy for embryo development and maintaining embryo metabolism through key cellular functions including ion homeostasis, amino acid metabolism, glycolysis, fatty acid metabolism, signal transduction and apoptotic regulation. Recent literature suggests that mitochondrial content and function may be related to implantation success and embryo viability. Some studies have linked increased levels of mitochondrial DNA to aneuploidy, advanced maternal age and euploid blastocyst with implantation failure, while others have failed to demonstrate similar findings. This review aims to provide an overview of the current literature surrounding the possibilities of using mitochondria as an additional biomarker for infertility treatment outcome and summarize the reasons as to why there are inconsistencies in these studies.
Introduction
The field of reproductive medicine has made great strides over the past several decades in the ability to select an embryo generated by in vitro fertilization (IVF) for its successful reproductive potential. Initially, embryologic morphology and cleavage rates formed the sole bases for selection of embryos suitable for transfer; however, while these methods led to an improvement in outcomes, the majority of transferred embryos still failed to implant and yield ongoing pregnancies (Gardner & Schoolcraft 1999 , Toner 2002 . With the dawn of preimplantation genetic testing for aneuploidy (PGT-A), the ability to transfer only euploid embryos contributed to a noticeable increase in live birth rates (Forman et al. 2014) . Despite these advances, selection and subsequent transfer of euploid embryos do not always result in ongoing pregnancies, highlighting that there is more to embryonic viability than just chromosomal normalcy (Harton et al. 2013) . As studies in animal models suggest a strong association between mitochondria and reproductive function, there has been an increasing interest in human reproductive literature toward mitochondria and the use of mitochondrial parameters to supplement currently existing selection methods with the goal of prognosticating viability of preimplantation embryos in IVF (Ramalho-Santos et al. 2009 .
Mitochondrial DNA
The mitochondrion is a semi-autonomous organelle that plays an integral role in key cellular functions including ATP production, regulation of apoptosis, calcium homeostasis and generation of reactive oxygen species (ROS). Mitochondria are double-membrane bound organelles thought to be derived from endosymbiotic α-purple bacteria profiting from host oxygen (Taanman 1999) . The circular mtDNA genome is composed of approximately 16.6 kb of double-stranded DNA (Fig. 1) . The dual strands of mtDNA encode a total of 37 genes that translate to 22 tRNAs, 2 rRNAs and 13 protein polypeptides. These 13 proteins function as part of the electron transport chain (ETC) that facilitates ATP production through oxidative phosphorylation (OXPHOS) with the remainder of the requisite proteins encoded by nuclear DNA (Anderson et al. 1981) .
Until very recently, it was thought that mitochondria almost entirely stemmed from maternal inheritance, with paternal mitochondria being essentially undetectable after the four-cell stage in a fertilized embryo (Cummins 2000) . However, a recent study found evidence of paternal mtDNA transmission coexistent with maternal inheritance in three unrelated families, challenging the long-held assumption of sole maternal mtDNA transmission in humans. While this discovery marks a sentinel change in the dogma of mitochondrial inheritance, the authors emphasize that biparental inheritance is still quite rare (Luo et al. 2018) . Previous research hypothesized that the essentially exclusive maternal inheritance is likely an evolutionary advantage to avoid the bequeathal of sperm mitochondrial DNA that has suffered the deleterious effects of free radicals (Aitken et al. 1998) . Spermatozoa create their own ROS as part of normal sperm capacitation; however, excess ROS can cause lipid peroxidation that further stimulates ROS generation from the mitochondrial electron transport chain. This triggers elevated levels of oxidative stress that leads to mtDNA damage (Aitken 2017) . Another hypothesis to explain sperm mtDNA's degradation after fertilization is sequestration of sperm mtDNA to specific embryonic regions separate from the inner cell mass (Birky 1995) . A ubiquitin-mediated process leading to targeted sperm mtDNA degradation upon fertilization has also been proposed in a bovine model (Sutovsky et al. 1996) .
Oogonia in early fetal development initially contain approximately 200 mitochondria, a number that continuously increases as the oocyte proceeds through meiosis, reaching a zenith of 100,000 mitochondria and 50,000-550,000 mtDNA copies at metaphase II. The mature oocyte has some of the highest mitochondrial content amongst human cells, likely due the great energy requirements of fertilization and early embryonic development (Reynier et al. 2001 , May-Panloup et al. 2005 . Additionally, bovine oocytes with higher mtDNA copy numbers appear more likely to mature (LamasToranzo et al. 2018) . Previous research in ovine oocytes demonstrated that mtDNA copy number increases from the germinal vesicle (GV) to metaphase II (MII) stages of development (Cotterill et al. 2013) . However, a recent study looking at mouse and human oocytes found that mtDNA copy number decreased from the GV to MII stages in both species in younger and older maternal age groups; the authors suggested that the contrasting trend in mtDNA copy number may be attributed to species-specific mechanisms of oocyte mitochondrial degradation during the maturation process (Pasquariello et al. 2018) .
Aging and mtDNA
It is well known that female reproductive potential steadily decreases with age: as early as 1986, Menken et al. reported the rate of involuntary childlessness in women aged 20-24 years as 6%, in women aged 30-34 up to 15% and women 40-44 as high as 64% (Menken et al. 1986 ). This trend has been mirrored in patients' undergoing IVF treatment. The 2016 data from the Society of Assisted Reproductive Technology (SART) revealed that patients using their own oocytes had live birth rates per started IVF cycle of 47.6% in women under 35 years, 34.8% in women aged 35-37, 21.8% in women aged 38-40 years, 11.2% in women aged 41-42 years and as low as 3.3% in women over 42 years (SART 2016) .
While mtDNA levels can vary amongst oocyte cohorts, de Boer et al. noted that average mtDNA levels decrease with advancing maternal age and diminished ovarian reserve (DOR) (de Boer et al. 1999) . One study identified that the range of mtDNA copy number in patients with DOR undergoing IVF was approximately 100,000 copies (± 99,000), whereas that of patients with normal ovarian reserve was approximately 318,000 copies (± 184,000) (May-Panloup et al. 2005) . It has been hypothesized that the decreased mtDNA copy numbers in the DOR patients may be the consequence of insufficient mitochondrial synthesis or aberrant cytoplasmic maturation in oocytes. Reynier et al. proposed a defect in mitochondrial biogenesis after observing that many of the DOR patients' oocytes had abnormal cytoplasmic maturity, noting that a large surge of mitochondrial content occurs during the final maturation of the oocyte (Reynier et al. 2001) . Oocyte mitochondria also demonstrate structural and functional alterations associated with aging: mitochondrial swelling, increased vacuolization and alteration of cristae have been noted in older patients (Muller-Hocker et al. 1996) . Additionally, mitochondrial activity as measured by mitochondrial membrane potential has also been noted to change in older humans (Wilding et al. 2001 ). Babayev et al. identified age-associated differences in expression of genes linked to mitochondrial function and oxidative stress, as well as a decreased mtDNA copy number in mouse oocytes (Babayev et al. 2016) . Specifically, mouse genes responsible for ATP production were upregulated in younger murine oocytes compared to those in older oocytes; additionally, researchers found genes protective against stress-related cellular damage to be downregulated in older mouse oocytes (Hamatani et al. 2004) .
It is important to recognize that mtDNA is inherently more prone to mutations compared to nuclear DNA, due to its proximity near the respiratory chain with greater exposure to ROS, as well as its deficiency of the protective histones and repair mechanisms that nuclear DNA retains (Lynch et al. 2006) . The nearly 25 times higher mutation rate of mtDNA leads to progressively higher numbers of deletions and point mutations, even in healthy older patients (Cortopassi & Arnheim 1990) . The link between mtDNA and aging has been further emphasized in studies investigating mutations in mtDNA polymerase (POLGA). Mice lacking a nuclearencoded subunit of POLGA have higher numbers of mtDNA mutations as well as deletions; they also possess a prematurely older phenotype that confers infertility in both male and female mice. These phenotypic changes included weight loss, reduction in subcutaneous fat, osteoporosis, anemia and cardiomyopathy (Trifunovic et al. 2004) . Human studies have similarly demonstrated that some individuals bearing POLGA mutations experience premature menopause (Luoma et al. 2004 , Day et al. 2015 .
Although prior research has identified decreased number of mtDNA levels in the oocytes of older and DOR patients, blastocysts from this same population demonstrated increased levels of mtDNA (May-Panloup et al. 2005 , Diez-Juan et al. 2015 . Fragouli et al. found that real-time PCR demonstrated a statistically significant increase in the amount of mtDNA in 154 blastocysts from an older reproductive population (average age 39.8 years) compared to that of 148 blastocysts from younger population (average age 34.8 years). This trend also held true when euploid and aneuploid embryos were analyzed independently (Fragouli et al. 2015) . The prevailing thought regarding this relationship has been that suboptimal circumstances such as those created by aneuploid embryos or advanced maternal age create an environment that triggers a state of stress leading to increased mitochondrial DNA synthesis. This represents a deviation from the ideal 'quiet embryo' environment proposed to be the norm for optimal embryo development (Leese 2002) . It follows that increased mtDNA levels may represent a 'stressed' embryo's attempt to create more ATP to surmount the atypical conditions of aneuploidy or advanced maternal age (Victor et al. 2017) . Prior studies have found that aneuploid embryos are associated with slower development and arrest compared to euploid embryos; however, a causal relationship has not yet been identified between stress and chromosomal abnormality (Kroener et al. 2012 , Kort et al. 2015 . It is also unknown as to whether embryonic aneuploidy alters cellular metabolism or oxidative homeostasis in human embryos; this is unfortunately also a difficult question to study in animal models given their low rates of aneuploidy. It is possible that the various processes of embryo culture inherent to IVF could also affect mtDNA copy number, but to our knowledge, this has not been studied.
Mitochondrial DNA copy number as a biomarker in IVF
In examining the correlation between mitochondria and embryonic competence, mtDNA copy number emerged as an indirect way of measuring embryonic function, leading to subsequent interest in mtDNA copy number's use as a biomarker of embryonic competence (DiezJuan et al. 2015 , Fragouli et al. 2015 . Initial evidence indicated that increased mtDNA copy numbers are associated with aneuploid embryos as well as with euploid blasts that fail to implant; however, there have been other studies contradicting these findings (Treff et al. 2017 , Victor et al. 2017 , Klimczak et al. 2018 .
The earliest study investigating the link between mtDNA copy number and embryonic viability by Fragouli et al. investigated cleavage-stage embryos and blastocysts through a combination of array-comparative genomic hybridization (aCGH), real-time quantitative polymerase chain reaction (qPCR) and next-generation sequencing (NGS) approaches (Fragouli et al. 2015) . The study's validation protocol included use of NGS to re-affirm mtDNA copy number in 23 blastocysts initially quantified by qPCR. The day 3 embryos had a single blastomere analyzed, whereas the day 5 embryos yielded 5-10 blastomeres from trophectoderm biopsies for analysis. In the first part of the study, a total of 39 cleavage-stage embryos and 302 blastocysts underwent aCGH, with another 38 blastocysts analyzed by NGS. All of the day 3 embryos were euploid and subsequently underwent embryo transfer. Of the blastocysts, 203 of the aCGH group and 14 of the NGS group were euploid; 131 of these euploid blastocysts were transferred. qPCR was utilized to quantify mtDNA copy number by amplifying the mtDNA sequence responsible for coding the 16S ribosomal RNA, using the genomic DNA Alu sequence as a reference for normalization. Cleavage stage embryos from older women had lower mtDNA copy numbers, but had no significant association with implantation potential. However, the study's blastocyst analysis revealed a significantly higher mtDNA copy number in aneuploid blastocysts, blastocysts from older women and euploid blastocysts that failed to implant. The authors also determined that no pregnancies occurred when mtDNA copy number crossed a relative threshold. This translated to 47.2% of study population with successful implantation of transferred blastocysts, but 0% successful implantation of embryos with increased mtDNA copy numbers above the threshold. A subsequent prospective study by the same group again found that euploid blasts with elevated mtDNA copy numbers failed to result in ongoing pregnancies .
A large multi-center study subsequently examined mtDNA copy number in 1505 blastocysts from 490 couples who had previously undergone genetic testing for aneuploidy at 35 various clinics . mtDNA copy number was analyzed by qPCR and investigators were blinded to prior implantation results, thus allowing predictions to be made regarding implantation success based upon the qPCR results. Using the previously established threshold from Fragouli's initial study, 139 out of the 1505 blastocysts (9.2%) were found to have mtDNA levels exceeding this threshold and were hypothesized to have decreased implantation. At the time of publication, 282 euploid blastocysts had undergone endometrial transfer with 185 successfully implanting (65.6%). Of the 282 blastocysts transferred, 249 had normal levels of mtDNA and 185 of these resulted in successful pregnancy, yielding a higher implantation rate of 74.3% amongst euploid embryos with normal mtDNA copy numbers. The 33 remaining embryos that had elevated levels of mtDNA all failed to result in successful pregnancies. It is intriguing to note that amongst the 35 different clinics, some centers had far more embryos with elevated mtDNA levels than others. While the mechanism behind the discrepancy remains unclear, it has been conjectured that certain external factors that are known to vary between labs may exert a certain degree of 'stress' manifested in higher levels of embryonic mtDNA (Wells 2017).
Another study by Diez-Juan et al. published shortly after Fragouli's initial study examined 205 cleavagestage embryos and 65 blastocysts, similarly testing a single blastomere from day 3 embryos and 5 to 10 blastomeres from blastocysts for euploidy and mtDNA copy number (Diez-Juan et al. 2015) . This study utilized aCGH and qPCR for its analysis, but normalized qPCR data to actin, which bears a single copy sequence at risk of error due to allele dropout (ADO) particularly in the event of single-cell analysis (Seli 2016) . Like Fragouli's initial study, Diez-Juan concluded that increased mtDNA copy number is associated with lower implantation rates in euploid embryos; moreover, this finding was noted in both blastocysts as well as cleavage stage embryos. Diverging from the initial study, however, the authors failed to identify a correlation between mtDNA copy number and maternal aging in either day 3 or day 5 embryos.
A subsequent study by Treff et al. examined sibling embryos in which 187 known male-female blastocyst DETs occurred, resulting in 69 singleton live-births (Treff et al. 2017) . These blastocysts' ploidy results were analyzed by comprehensive chromosome sequencing (CCS) and mtDNA copy number quantification was performed by qPCR. The utilization of DET allowed researchers to investigate whether the embryo that resulted in a live birth had different amounts of mtDNA than the opposite sex nonviable sibling embryo. The study did not identify any differences in relative mtDNA copy number between the sibling embryo that resulted in a live birth and the other that did not. The authors noted that the embryos in the 90th percentile for mtDNA copy number had slightly decreased implantation rates, but still were as high as 48.5%, representing a marked difference from the 0% implantation of embryos in the 90th percentile of Fragouli's initial study.
Victor et al. echoed these findings in a large study investigating 1396 embryos initially biopsied for PGT-A purposes (Victor et al. 2017) . The authors did not identify any statistically significant differences in mtDNA copy number amongst embryos regarding ploidy, maternal age or implantation rates. As in some of the prior studies, PGT-A was performed by NGS and the mtDNA copy number was assessed by qPCR. Using NGS, results were in the form of multiple DNA sequences across the nuclear DNA genome. These genomic fragments were mapped and counted to calculate the amount of DNA in each chromosome to project a chromosome copy number. These NGS data also contained a smaller portion of mtDNA sequences, permitting the calculation of a mitochondrial-tonuclear DNA ratio to approximate a relative measure of mtDNA cellular content. This study also uniquely devised a correction factor to account for differences in nuclear DNA between female and male embryos as well as any discrepancies between euploid and aneuploid embryos. This adjustment was conducted with the goal of improving accuracy that may have been hindered by intrinsic genomic variation. The authors conducted additional analyses with PCR as opposed to NGS, using prior WGA products. Given the high accuracy of qPCR's ability to quantify nucleic acid number, this study represents another strong argument for the lack of association between mtDNA and blastocyst viability.
Most recently, a study by Klimczak et al. looking at 1510 blastocyst biopsies identified that mtDNA copy number correlated with the highest grade and lowest grade embryos in terms of morphology, but this association did not hold amongst mid-grade embryos (Klimczak et al. 2018) . Furthermore, when the analysis examined solely euploid embryos, there was no longer an association between mtDNA copy number and embryo morphologic grade. The authors also noted no statistically significant differences in mtDNA copy number between embryos that implanted and those that did not. Additionally, investigators did not identify the differences in mtDNA copy number between embryos resulting in ongoing pregnancies and those that failed. They did find that amongst blastocysts, day 5 embryos had statistically significantly higher levels of mtDNA compared to day 6 embryos, but lower rates of aneuploidy and higher quality scores according to the Gardner blastocyst grading system. This study utilized NGS and qPCR as in prior studies for their analysis.
Methodologic considerations
With the literature practically split regarding the significance of mtDNA copy number in relation to embryo viability, it is important to identify the potential causes of the disparities. It has been proposed that the number of cells in a single trophectoderm biopsy widely varies among samples (Wells 2017). It follows that a greater number of cells would result in a greater number of mtDNA copies, which is why all prior studies used nuclear DNA to normalize results and allow calculation of relative mtDNA per cell. However, some studies have used only single nuclear DNA reference sequences, whereas others have normalized their data against multiple nuclear DNA sequences (Diez-Juan et al. 2015 , Fragouli et al. 2015 . Utilizing only a single reference sequence exposes the risk of allele dropout and amplification failure at rates as high as 50-60% in five-cell biopsy specimens (Wells 2017). Amplification failure of nuclear DNA would result in decreasing the amount available for comparison to mtDNA, potentially falsely elevating the normalized amounts of mtDNA. In studies using large number of samples, method of normalization between plates also poses a technical challenge, requiring standards or samples that are repeated in each plate with high consistency.
Other potential factors that may affect the accurate measurement of mtDNA include compromised integrity of DNA due to prolonged storage time. Both mitochondrial and nuclear DNA have been found to demonstrate evidence of degradation after a matter of months, raising question as to validity of mtDNA copy number and nuclear DNA content in some study specimens that had been stored for multiple years (Piyamongkol et al. 2003) .
All in all, an explanation regarding the cause of differing conclusions from various centers has not been elucidated as of yet. It is important to note that conflicting studies regarding the utility mtDNA have been proof-of-concept studies, which compare samples to each other in a similar cohort (Diez-Juan et al. 2015 , Fragouli et al. 2015 , Victor et al. 2017 . Treff et al.' s sibling study may be seen as a proxy to a non-selection study to investigate this question, yet found no clear clinical benefit to identification of mtDNA levels, as it did not affect the outcomes (Treff et al. 2017) . While sibling and non-selection studies can assist with validating proof-ofconcept studies, only a randomized controlled trial can truly demonstrate the benefit to outcomes.
A commercially available assay known as MitoScore has become available to patients, claiming to select embryos with higher implantation potential to improve pregnancy rates and reproductive success (iGenomix Mitoscore 2018). Until further validation regarding the validity of mtDNA copy number has been met, the prognostic utility of this test cannot be entirely guaranteed.
Alternatives to measuring embryonic mtDNA copy number
Besides examining direct samples from blastocyst biopsies, a number of studies have investigated mtDNA content on other specimens collected during IVF such as cumulus cells and spent embryo culture media (Desquiret-Dumas et al. 2017 , Hammond et al. 2017 . Stigliani et al. demonstrated that embryos with inferior morphologic quality had increased levels of both genomic and mitochondrial DNA in embryo culture media (Stigliani et al. 2013) . These findings were contradicted by the same authors in a subsequent study revealing an increase in the ratio of relative mtDNA to genomic DNA in day 3 embryo spent culture media correlated with increased rates of blastocyst formation and implantation (Stigliani et al. 2014) . These findings may be explained by subsequent research that culture media may be contaminated by maternal cumulus cell DNA, limiting accurate evaluation of nuclear and mtDNA in these samples (Hammond et al. 2017) . Another study identified that elevated levels of mtDNA in cumulus granulosa cells, which surround a developing oocyte and coordinate development, reflect day 3 embryos with high morphology grades (Desquiret-Dumas et al. 2017) . These are consistent with the aforementioned literature looking at mitochondrial DNA content in older oocytes and corroborate that higher levels of mtDNA in the earlier stages of development is associated with improved viability, representing a reversal from the 'less is better' theory put forth in some of the blastocyst mtDNA literature.
Besides direct measurement of cellular DNA content, it is worth mentioning that there have also been forays into assessment of mitochondrial function through other methods. One such study utilized Fluorescence Lifetime Imaging Microscopy (FLIM) as a noninvasive means of detecting mitochondrial dysfunction in murine oocytes (Sanchez et al. 2018) . This technique measures inherent NADH and FAD autofluorescence in cells. In the study, oocytes with metabolic dysfunction (obtained from mice with a germline deletion of the mitochondrial protease, Clpp) were imaged with FLIM and compared to oocytes from wild-type mice. The fluorescence intensities as well as NADH/FAD lifetimes between the knockout mice and wild-type controls were noted to be distinct and reflective of differences in metabolic function. They compared these observations to mtDNA copy number performed by qPCR on the same oocytes and found only slight variations in mtDNA copy number between knockout and wild-type samples. While further validation is required for this technique in its ability to accurately detect mitochondrial function in human models and how it relates to embryonic viability, it represents another potential method that may possess less room for variation compared to mtDNA copy number.
Conclusions
There still remains a lack of clarity regarding the relationship between mitochondrial function and embryonic viability. It seems counterintuitive that mitochondria, as the organelles responsible for the production of energy, in excess could lead to deleterious effects in implantation or development. It has been proposed that an abnormally high amount of mtDNA may represent a compensatory response to mitochondrial mutations leading to reductions in energy synthesis, so although the actual numbers of mitochondrial may be initially normal, their actual function is decreased (Monnot et al. 2013) . As a consequence, the cell may be increasing the number of mitochondria to create enough ATP to sustain embryonic development. Another explanation goes along with the 'quiet embryo hypothesis', which states that normal embryos demonstrate less active metabolic activity. Embryos with decreased viability potential such as those that are aneuploid or from older oocytes with less mitochondria -and thus potentially decreased energy-forming capacity -may be under a certain amount of cellular stress that stimulates an increase in mitochondrial production to combat the toll of these conditions (Leese 2002) .
Given that not all studies have been able to link an association between increased mtDNA content and decreased implantation or embryonic viability, it is clear that further research into this area is still merited. Aside from answering the question regarding the association itself, identification of the best methodologies to measure mtDNA content accurately and decreasing room for error is also necessary. Given the wide variability between embryo cohorts and amongst clinics in proportion of embryos, a multi-center prospective randomized controlled study utilizing a uniform analytic method in fresh samples, and normalizing against multiple sequences of genomic DNA would be most likely to generate conclusive evidence. As new methodologies for evaluation of mitochondrial function are validated, they should also be explored to see if these methods deliver a more consistent avenue of measuring metabolic activity in developing embryos. The concept of mitochondrial function as an adjunct parameter to help select embryos for successful implantation remains an exciting possibility and continues to generate further investigation.
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